Abstract To examine the age-related morphological changes in the motor endplate of type-identified muscle fibers, 20 male Wister rats were divided into 2-month-, 10-month-, 24-month-and 30-month-old groups (n = 5 in each group). Three segments of mid-costal diaphragm muscle were removed, and then a fluorescent doublelabeling technique was used to visualize the endplates on type-identified muscle fibers. Endplates were labeled with a-bungarotoxin-tetramethylrhodamine. Muscle segments were first incubated in antibodies to MHC isoforms (I and/ or IIa) and then labeled by a second antibody with FITC. The endplates were imaged using 3D confocal microscopy with two lasers. In each age group, the planar area and volume of endplates on type-IIx/b muscle fibers were larger than those on type-I and -IIa muscle fibers, while the normalized planar areas of the endplate (endplate area/ muscle fiber diameter) and the mean thickness of the endplate (volume/endplate area) were identical on all fiber types within the same age group. Decreased endplate density (endplate area/surrounding area) in the old diaphragm indicated fragmentation of the endplate, especially on type IIx/b fibers. These morphological changes may lead to functional deficiency and selective denervation of type-IIx/b muscle fiber with aging.
Introduction
One of the most remarkable age-related changes in skeletal muscle is the selective degeneration of fast-twitch muscle fibers (type IIx/b) where the number and relative area of fast fibers decrease with the increase of slow-twitch fibers (type I) [1, 2] . The underlying reason hypothesized for the alternation is that the selectively denervated fast-twitch muscle fibers are again innervated by slow-type motoneurons, a phenomenon known as axonal sprouting that results in an increased number of hybrid fibers and aggregation of slow-twitch muscle fibers. These muscle fiber changes with aging concomitantly result in an altered skeletal muscle contractile property [3] [4] [5] . The cycle of denervation and subsequent reinnervation of type IIx/b fibers could possibly be initiated at the neuromuscular junction where there is a gap between the presynaptic nerve terminal and postsynaptic endplate [6] . In the previous studies, the age-related deterioration process of endplates at the neuromuscular junction was evaluated, and the results revealed that the endplates become hollow, structurally wider in shape and eventually atrophy with age [7] [8] [9] . Furthermore, Prakash and Sieck [10] have demonstrated that, by using a confocal microscopic technique, more significant expansions of the neuromuscular junction of type IIx and IIb fibers were found in the diaphragm muscle of 24-month-old rats, as compared to those of 6-month-old rats. However, two timepoints observation (6-and 24-month-old) is not enough to distinguish between the development and aging-related morphological changes in the endplate.
The purpose of this experiment was to examine the effects of development and aging on endplate morphological changes in type-identified muscle fibers of the rat diaphragm. To investigate the type-specific endplate morphology, rat diaphragm muscles of four different age groups were used. Each muscle fiber type was identified by classification based on myosin heavy-chain isoform expression in muscle fibers. Moreover, to perform precise endplate morphological observation, the endplates on the muscle fibers were reconstructed in three-and twodimensional images with a confocal laser microscope.
Methods

Animal treatment
Experiments were performed on 20 male Wistar rats aged 2 months (n = 5,272 ± 30 g), 10 months (n = 5,518 ± 35 g), 24 months (n = 5,626 ± 92 g) and 30 months (n = 5,548 ± 48 g). The animals were anesthetized by intraperitoneal (IP) injection of pentobarbital sodium (60 mg/kg), and the diaphragm muscle was excised. Muscle segments of 5 mm wide were sectioned in a parallel direction with the muscle fiber from the mid-costal region of the left diaphragm muscle.
All experimental and animal care procedures were approved by the Committee on Animal Care and Use in Yamaguchi University and followed the American Physiological Society Animal Care Guidelines.
Endplate image and muscle fiber typing
The muscle segments were washed and immersion fixed in 2% paraformaldehyde. The fixed samples were blocked for nonspecific staining by using 10% donkey serum in 0.1 M Tris-buffered saline containing 1% Triton. The tissue was washed and incubated in 5 lg/ml a-bungarotoxin-tetramethylrhodamine (SIGMA, St. Louis, MO) for 3 h. Then each muscle segment was incubated overnight in solutions with an antibody to myosin heavy-chain (MHC) isoform I (BA-D5), an antibody to MHC isoform IIa (SC-71) or a mixture of two antibodies (BA-D5 and SC-71). Then the segments were incubated in a solution with a second antibody with FITC for 6 h. At least 25 endplates on typeidentified muscle fibers in each segment were imaged using a laser-scanning confocal system (C1, Nikon, Tokyo) mounted on a microscope (E600, Nikon, Tokyo) and equipped with a HeNe-Green laser (543 nm for rhodamine and 488 nm for FITC). First, several images of optical sections at 2.4-lm steps were obtained with low magnification (209 dry object lens, Nikon, Tokyo), and then images of type-identified endplate were obtained at 1.0-lm steps with high magnification (609 oil-immersion objective lens, Nikon, Tokyo). In total, more than 125 images in each group were analyzed. Sets of optical sections were transferred to a comprehensive imagemanipulation and -analysis software package (3D-Doctor, Solution System, Tokyo). Two-dimensional (2D) stack images for each labeled endplate were reconstructed ( Fig. 1) , and the endplate areas, surrounding area and endplate density (endplate area/surrounding area 9100) were measured. In addition, the muscle fiber diameter was measured to calculate the normalized endplate area (endplate area/muscle fiber diameter). Although the fiber diameter is variable depending on the confocal plane, the largest diameter on 2D stack images that was adjacent to the endplate was measured. Three-dimensional (3D) images for each labeled endplate were reconstructed ( Fig. 2) , and the volume, surface area and thickness of the endplate (volume/2D area of the endplate) were measured. Fig. 1 Two-dimensional images of labeled endplates (red) on typeidentified muscle fibers with anti-myosin heavy chain (green) from 24-month-old rat. The acetylcholine receptor area was stained in red, and the surrounding area was determined as the outer border of the acetylcholine receptor area marked with white dashed line (a). Muscle diameter is indicated by a yellow arrow (a). These data were used to calculate the endplate normalized area and endplate surrounding area. White bar indicates 30 lm
Statistics
The results obtained in this study were analyzed by twoway ANOVA with age groups (2-, 10-, 24-and 30-monthold) and fiber types (type I, IIa and IIx/b) as grouping variables. Post-hoc analysis was performed using a t-test with the Bonferroni adjustment method. In all cases, statistical significance was set at P \ 0.05. All values are reported as the mean ± standard deviation.
Results
Two-dimensional morphology of endplates
According to the MHC isoform expression, muscle fiber type was classified as type I (positive fiber for BA-D5), type IIa (positive fiber for SC-71) or type IIx/b (negative fiber for both BA-D5 and SC-71). The fiber diameter was smallest in type I fibers and largest in IIx/b fibers in all age groups (Table 1) . There was no age-related difference in the diameter in type I and type IIa fibers. However, type IIx/b diameter in the 30-month-old group was significantly larger than those in the 2-month-old group.
The endplate area was smallest in type I fiber and largest in type IIx/b fibers in all age groups (Table 1 ). In type IIx/b fibers, the endplate area in the 10-, 24-and 30-month-old groups was significantly larger than those in the 2-monthold group, and the endplate normalized area for the muscle diameter in the 10-, 24-and 30-month-old groups was significantly larger than those in the 2-month-old group.
The endplate density, calculated by the endplate area divided by the endplate surrounding area 9100 (%), was highest in the 2-month group and followed in rank order by 10-\ 24-\ 30-month groups in all fiber types (Table 1) . In type IIx/b, the endplate density in the 30-month group was significantly lower than those in the 2-month group.
Three-dimensional morphology of the endplate
The endplate volume and surface area on each muscle fiber type are summarized in Table 2 . The endplate volume and surface area were largest in type IIx/b and smallest in type I fiber in all age groups. In type IIx/b fibers, the endplate volume and surface area were significantly larger in the 30-month group than those in the 2-month group.
The endplate thickness (volume/2D area of endplate) was identical in all fiber types, and no age-related changes were found.
Discussion
The purpose of this experiment was to evaluate developmental and age-related morphological change in endplates on type-identified muscle fibers. In type IIx/b muscle fibers, Fig. 2 Typical threedimensional images of endplate on each fiber type from 2-month-old (a, c, e) and 30-month-old (b, d, e) rats. Using software (3D-Doctor), the three-dimensional endplates were reconstructed, and endplate volume, endplate surface area and mean thickness (volume/2D area of endplate) were calculated. White bar indicates 10 lm J Physiol Sci (2009) 59:57-62 59 the endplate density (endplate area/surrounding area) was significantly smaller in the 30-month group than in the 2-month group. None of the parameters in type I and type IIa muscle fibers indicated significant developmental and age-related changes. The typical age-related fiber atrophy was not observed, but rather fiber growth was observed, and the diameter of the 30-month group was significantly greater than the 2-month group. However, in type IIx/b muscle fibers of older diaphragm muscles, both the endplate receptors and surrounding area were larger compared to those in the 2-month group. Moreover, the normalized endplate area was also greater in size in older diaphragm muscle compared to that in the 2-month group. In a previous study, Prakash and Sieck [10] demonstrated a significant expansion in endplate area on type IIx and IIb fibers in rat diaphragm muscle with aging. These adaptations were appropriate to maintain the level of safety factor secured by increased Ach release and the number of Ach receptors accomplished by nerve terminal and endplate expansion. In our results, the endplate area was not only enlarged, but also became less dense in contrast to its surrounding area. The enlargement and subsequent scattering of the endplate area may be a result of compensation to the decreased Ach receptor sensitivity or affinity in the central portion of the endplate area. The underlying reason may be related to age-related change in the membrane cholesterol to phospholipid ratio, which changes the membrane fluidity known to be associated with acetylcholine receptor affinity [11, 12] . It is also possible that the expressions of basal laminar proteins, involved in maintaining the integrity of the endplate and its corresponding nerve terminal, e.g., the neural cell adhesion molecule, agrin [13] , and neuregulin [14] , are different across fiber types and thus account for differences in endplate fragmentation. It has been clearly demonstrated that expression of these basal laminar proteins is altered by conditions that affect the integrity of the endplate and nerve terminal [15] [16] [17] . These results were in accordance with the frequency of fiber type-specific recruitment patterns during normal respiration, in which only type I and type IIa motor units are recruited and type IIx/IIb motor units are rarely recruited in the diaphragm muscle [18] . Furthermore, it is of considerable interest that our results clearly indicate age-related endplate remodeling proceeded earlier in time compared to the muscle fiber remodeling. Although there were no significant age-related differences in the endplate density on type IIx/b muscle fibers, the endplate density of the 10-and 24-month groups was 22% smaller than the 2-month groups. These results suggested that age-related muscle fiber atrophy may follow the endplate deterioration with advancing age.
It is well known that the endplates have specialized architecture with a primary and secondary gutter to enlarge the surface area. Based on three-dimensional images, in a previous study using confocal microscopy, it was observed that the primary gutter depth of the endplate on type I fiber was greater than that on type II fiber, and this contributed to the greater endplate surface area on type I fibers [19] . Therefore, to discuss the morphological properties of the endplate with aging, three-dimensional evaluation on morphological properties of the endplates was also achieved in our study. The results revealed that three-dimensional analysis of the endplate also showed muscle fiber type-specific remodeling with aging. In type IIx/b fibers exclusively, increased surface area and volume were observed without any significant remodeling of those in type I and type IIa fibers. However, the endplate thickness was not different among all fiber types and age groups. The results suggested that the increased volume and the surface area of endplates were attributed to the expansion of the acetylcholine receptor expression area rather than the age-related changes in the endplates' fine architecture.
In conclusion, these results together suggested that a type-specific endplate enlargement and fragmentation begins as early as 10 months of age and occurs without muscle fiber atrophy with age. These endplate morphological changes may lead to the functional alteration of motor units and selective denervation on type IIx/b muscle fiber and subsequent fiber atrophy with age.
